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Na ,K-adenosine triphosphatase (Na ,K-ATPase) is an
integral protein usually located in the basolateral membrane [1,
2] that actively pumps Na out and K in to the cell, through
ATP hydrolysis [3]. The activity of Na ,K-ATPase is essen-
tial for the existence of water and solute transport by epithelial
cells [4, 5]. Measurement of Na ,K-ATPase activity is usually
done by biochemical assays. Cytochemical methods [61 allow
cellular enzyme localization and may offer an alternative ap-
proach for determination of Na ,K-ATPase activity in dis-
rupted cells. We have used a cytochemical method, based on
measurements of inorganic phosphate generated during ATP
hydrolysis by ATPases during the incubation period and pre-
cipitated by a lead ammonium citrate acetate complex (LACA)
as lead phosphate [Pb3(P04)2]. The colorless lead phosphate
was converted into a brown precipitate of lead sulphide (PbS)
by treatment with ammonium sulphide. We chose to evaluate
Na ,K-ATPase activity in MDCK (Madin-Darby canine kid-
ney) cells because they retain many differentiated properties
characteristic of distal tubule epithelia [4, 7]. In these cells,
apical to basolateral salt and water transport was shown to be
inhibited by ouabain and amiloride [7—101. We show that this
method is a simple, convenient, and could be easily performed
to measure Na,K-ATPase activity and its modulation under
physiological conditions.
Methods
MDCK cells (passages 82-92) were grown in serum-free
chemically defined medium consisting in a 1:1, vol/vol, Ham's
F-l2/Dulbecco's modified Eagle medium mixture supplemented
with 50 nM sodium selenite, 25 pg/mI transferrin, 5 pM triiodo-
thyronine (T3), 5 g/ml insulin, 80 flM hydrocortisone, and 25
nglml prostaglandin E1 (PGE1) as described by Taub et a! [11],
and subcultured by trypsine-EDTA treatment. For enzyme
assays, subconfluent monolayers of MDCK cells were usually
used on days two to three after seeding.
Measurement of ATPase activity was performed by cy-
tochemistry under conditions adapted from Chayen et a! [12]. In
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brief, cells were incubated in the presence of a lead ammonium
citrate acetate complex (LACA). The amount of generated
chromophore was then quantified by microdensitometry [12].
Subconfluent cells were used two to three days after seeding.
The culture medium was removed and cells were washed with
5 mI/well of Tris-HCI 150 mtvi pH 7.4. Cells were then incubated
at 37°C during 20 minutes in 4 ml/well of the incubation solution
with the following composition: 50 m NaCl, 5 mrt KCI, 4 mM
MgC12, 100 mi Tris-HC1, 4 m Na2ATP (when ATP concen-
tration was modified, MgCI2 concentration was adapted to
remain equimolar to that of ATP), 1 mr'i Levamizole (to inhibit
alkaline phosphatase activity) and 6 mg/ml LACA. LACA stock
solution was adjusted to 7.4 with NH4 or HCI. When cells
were exposed to hormones or drugs prior to incubation, the
preincubation medium contained 50 mri NaCI, 5 mri KCI, 100
mM Tris-HCI, pH 7.4. For determination of ouabain-insensitive
(Mg-dependent) ATPase activity, NaC1 and KC1 were omitted,
Tris-HC1 was 150 m, and ouabain iO M, was added. At the
end of incubation, the cells were washed two times with 5
ml/well of cold solution 150 msi Tris-HC1, pH 7.4. Cells were
then immersed for two minutes in 2% ammonium suiphide. All
chemical reagents were purchased from Sigma (St. Louis,
Missouri, USA). MDCK cells were from Flow Labs (Irvine,
UK).
For quantification of the precipitate, the amount of lead
suiphide formed was measured in the individual cells by means
of a Vickers M85 microdensitometer (UK) at a wave length of
480 nm, with a x40 objective. The selected scanning area (°°700
was very close to that of a whole single MDCK cell.
Absorbance was normalized with reference to an absolute
internal calibrated filter (reference filter 1). From the absolute
amount of phosphate precipitate measured in the cell (TA) and
the reading obtained through the same window for the reference
filter, the mean absorbance of the precipitate (absorbance A)
or its mean integrated extinction (A x 100) was calculated as the
TA sample/TA reference filter ratio.
In order to convert microdensitometric unit (A) into con-
ventional biochemical units (pmoles of product formed), we
performed a calibration curve by plotting mean integrated ex-
tinction against corresponding concentrations of Pb(N03)2 con-
tained in gelatin sections [13] (Fig. 1). The thickness of these
sections (8 sm) was similar to that of MDCK cells. For a given
mean integrated extinction, P04 concentration was obtained by
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Fig. 1. Calibration graph for determination of the extinction coefficient
of lead sulphide.
multiplying the latter value by 1.5 [two molecules of phosphate,
liberated by cellular ATPase activity, combine with three lead
atoms to form Pb3(P04)2]. The mass of phosphate (MPO4)
generated by ATPase activity was calculated as the product of
the phosphate concentration, [P04], by the volume of the cells
V: MPO4 = [P04] x V. The volume V is V = Ac x e where Ac
is area of the cells, and e is the thickness of cells. Ac was
measured in each culture and in each experimental condition.
Ac was 698 38 m2 (N 20). This value was not modified in
various incubation conditions. e was measured on cell mono-
layers after fixation [14] on electron microscopy photomicro-
graphs. The value for e was 8 2 m (N = 3 separate
experiments. In each experiment at least the height of 10 cells
was measured). This value was not modified following incuba-
tion with or without ouabain or with aldosterone.
In each separate experiment, 15 to 20 cells were examined for
each experimental condition. Na ,K-ATPase activity was
estimated as the ouabain-sensitive ATPase activity.
To localize the precipitate at the ultrastructural levels, cells
which have been previously treated with ammonium sulphide
were fixed in Karnovsky's fixative in 0.1 M sodium cacodylate
buffer, pH 7.4, for three hours at room temperature. They were
post-fixed in 1% osmium, stained en bloc with uranyl lacetate,
dehydrated in a grade series of ethanols, infiltrated, and embed-
ded in Epon 812. Ultrathin sections of confluent monolayers
were cut transversally, counterstained with uranyl acetate and
lead citrate, and viewed with uranyl acetate and lead using an
EM 109 Zeiss electron microscope.
Statistical analysis was performed by the Anova and Dunnet
tests. Results were expressed as mean SD.
Results
To verify that we indeed measured the Na- and K-dependent,
ouabain-inhibitable ATPase, the total ATPase and the ouabain-
insensitive ATPase activity were determined simultaneously in
MDCK cells. As shown in Figure 2A, ouabain 108 M to 102 M
inhibited ATPase activity in a concentration-dependent man-
ner. In subsequent experiments, ouabain-sensitive ATPase
activity was calculated as ATPase activity inhibited by l0— M
ouabain. We measured total and ouabain-sensitive ATPase
activity in an incubation medium from which potassium was
Time, minutes
Fig. 2. Effect of ouabain on ATPase activity. MDCK cells were
exposed to ouabain, (A) at increasing concentrations, (B) in different
mediums, or (C) ATPase activity as a function of time. A (•) total
ATPase activity. B. White bars represent total ATPase activity and
black bars ouabain-insensitive ATPase activity. C (U) total ATPase
activity, (•) ouabain-insensitive ATPase activity, and (A) ouabain-
sensitive ATPase activity, r values were 0.963, 0.956 and 0.953 for
total, ouabain-insensitive and ouabain-sensitive, respectively. The data
represent the mean SD of 3 different experiments (N = 3). *P < 0.05
significantly different from the control value.
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Fig. 3. Electron micrographs of MDCK cells grown in polycarbonate filters. Cells were preincubated in the absence (A, B, E, F) or in the presence
(C, D) of l0— M aldosterone. Cells were then incubated during 20 mm, as described in Methods, in the absence (A to D) or in the presence (E,
F) of i0 i ouabain, prior to fixation. Magnification is x3000, bar = 2 m in A, C, E and x12000, bar = 0.5 m in B, D, F. Labelling was
predominantly on the basal and lateral aspects of the cell membrane, and was increased by aldosterone and reduced by ouabain.
totally and sodium partially omitted (the latter because of the
presence of sodium as Na2 ATP) (Fig. 2B). Omission of
potassium inhibited ouabain-sensitive ATPase activity almost
completely. Incubation of cells in a potassium-free medium
containing iO M ouabain ensured complete inhibition of
ouabain-sensitive ATPase activity. This medium was, there-
fore, used subsequently in all assays to determine ouabain-
insensitive ATPase activity. It should be stressed that under
these conditions the actual concentration of K in the incuba-
tion medium at the end of incubation was 0.6 0.1 m, due to
the release of K from the permeabilized cells during the
incubation period. To determine the optimal conditions for the
measurement of enzyme activity, incubation times ranging
between 5 and 30 minutes were tested. The increment in
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enzyme activity as a function of time was linear up to 30
minutes of incubation, after a lag time of five minutes for both
total ATPase and ouabain-insensitive ATPase activity (Fig.
2C). An incubation time of 20 minutes was subsequently used in
all assays.
To assess that deposition of the reaction product was indeed
localized in the basolateral membrane, cells were grown on
permanent (polycarbonate filters, 0.3 pm pores) supports, and
processed for electron microscopy after a 20 minutes incubation
in usual conditions. As shown in Figure 3A, labelling was
predominant in the basolateral regions. Higher magnification
(Fig. 3B) revealed that the precipitate was localized on infold-
ings of the basal membrane. Aldosterone increased markedly
the density of the precipitate (Fig. 3 C and D). In contrast,
density of labelling within basal infoldings of the plasma mem-
brane was much lower in the presence of i0 M ouabain (Fig.
3 E and F).
We evaluated the relationship between ATPase activity on
one hand and ATP, sodium, and potassium concentrations on
the other. The effect of increasing ATP concentration on
ATPase activity is shown in Figure 4 A and B. ATPase activity
was strictly dependent on the presence of exogenous ATP.
Total ATPase activity reached a plateau at ATP concentration
of 4 ms, and, accordingly, we chose an ATP concentration of
4 mM to ensure measurement of ATPase activity under Vmax
conditions. From the Eadie-Hofstee representation of this
experiment, apparent Km and max values for ATP have been
determined for total ATPase activity: Km 0.68 ITIM, Vmax =
168.4 x 1O pmollcell/min; for ouabain-insensitive ATPase
activity: Km = 0.53 filM, Vmax 84 x l0 pmol/cell/min; and
for ouabain-sensitive ATPase activity: Km 0.83 filM, Vmax =
82.7 x i0 pmol/celllmin.
The effect of increasing Na concentration on ATPase activ-
ities is shown in Figure 4C. Ouabain-sensitive ATPase activity,
but not ouabain-insensitive ATPase activity, increased with
Na concentration. A plateau was reached for a Na concen-
tration of 50 m. The Km value for ouabain-sensitive ATPase
activity, calculated from Eadie-Hofstee transformation of the
data, was 7.3 mM.
Increasing K concentration from 0 to 10 m in the incuba-
tion medium also increased ouabain-sensitive ATPase activity
(Fig. 4D). A plateau was reached for K concentration of 3 mM.
The actual measured K concentration in the incubation me-
dium was taken into account. The Km value for ouabain-
sensitive ATPase activity was 1.1 m. Concentrations of 50 mM
Na and 5 msi K were chosen for subsequent assays.
When the cells were preincubated with aldosterone 10—6 M,
ouabain-sensitive ATPase activity increased and reached a
plateau after 120 minutes of incubation with the hormone (Fig.
5A). Increasing concentrations of aldosterone from io to iO
M increased ouabain-sensitive ATPase activity, while ouabain-
insensitive ATPase activity was not changed (Fig. SB). The
stimulatory effect of 10—6 M aldosterone on ouabain-sensitive
ATPase activity was inhibited in a concentration-dependent
manner by spironolactone (Fig. SC).
Preincubation of cells with different concentrations of amilo-
ride (from 106 to i0 M) or furosemide (10 to 10 M)
during 15 minutes at 37°C (Fig. 6 A and B) decreased Na,Kt
ATPase activity while the ouabain-insensitive ATPase activity
was not significantly changed. A 50% decrease in ouabain-
sensitive ATPase activity was observed in the presence of 1O
M amiloride or 5.10 M furosemide.
To further elucidate the effect of furosemide and amiloride on
ouabain-sensitive ATPase activity, we tested the effect of two
cationophores, monensin and amphotericin B, on ATPase ac-
tivity. Monensin increased ouabain-sensitive ATPase from
0.084 0.004 pmol/cell/min under basal conditions to 0.094
0.005, 0.121 0.006, and 0.128 0.007 pmollcelllmin when the
cells were preincubated (15 mm) in presence of 0.1, 1, or 10 mM
monensin, respectively (P < 0.01). Similarly, amphotericin B
(15 mm preincubation) increased ouabain-sensitive ATPase
activity from 0.087 0.001 pmollcell/min to 0.112 0.004 and
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0.139 0.004 pmol/cell/min in the presence of 10 or 50 g/ml
amphotericin B (P < 0.01).
Neither monensin nor amphotericin B affected ouabain-
Discussion
In the present study, we describe a simple and convenient
technique for in situ measurement of Na,K-ATPase activity
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Fig. 6. Effect of amiloride (A) orfurosemide (B) onATPase activities.
MDCK cells were preincubated with the indicated concentrations of
amiloride or furosemide for 15 minutes at 37°C. Symbols are: (D) total
ATPase activity, (U) ouabain-insensitive ATPase activity, and (A)
ouabain-sensitive ATPase activity. The data represent the mean SD of
3 different experiments (N = 3). *P < 0.05, significantly different from
the value without amiloride.
insensitive ATPase activity. Moreover, monensin or amphoter-
icin B reversed at least partly the inhibitory effect of furosemide
or amiloride on ouabain-sensitive ATPase activity, as shown in
Table 1.
1 Neither monensin nor amphotericin B affected ouabain-
9 —8 7 —6 5 sensitive ATPase activity when these drugs were added to the
Spironolactone concentration, log incubation medium instead of being preincubated with the cells
(not shown). Although precocious cell permeabilization by the
Fig. 5. Effect of aldosterone on ATPase activities (A) as a function of cationophores leading to precocious onset of the cytochemical
time, or (B) concentration, or (C) in presence of spironolactone.
Symbols are: (D) total ATPase activity, (U) ouabain-insensitive ATPase reaction cannot be excluded, the increase in enzyme activity
activity, and (A) ouabain-sensitive ATPase activity. The data represent most likely represents stimulation of the pump activity in
the mean SD of 3 different experiments (N = 3). p < 0.05, response to the induced increase in intracellular sodium con-
significantly different from the value at 0 minutes. centration.
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Control
Monensin
(1 mM)
Amphotericin B 0.125 0.004a 0.081 0003a,b 0.082 0.005
50 ugIml
______________________________
Cells were preincubated during 15 mm in the presence of furosemide,
amjloride, monensin, amphotericin B, or a combination of these sub-
stances prior to incubation. Results are means SD of 3 different
experiments (N = 3).
a Significantly different from homologous control value P < 0.05b Significantly different from homologous value without cationo-
phore, P < 0.05
in non-disrupted renal epithelial cells. The results also show
that physiological modulation of this activity could be evaluated
by this method.
That phosphate released by the cells was a reflection of
ATPase activity is suggested by the fact that the amount of
precipitate was dependent on ATP concentration and exhibited
a Michaelis-Menten relationship with ATP concentration. The
strict dependance of ATPase activity on exogenous ATP, which
is reflected by the absence of any detectable ATPase activity in
the absence of exogenous ATP, was likely accounted for by the
fact that the cells were actually permeabilized. Moreover, that
K concentration in the medium volume of incubation medium
should have resulted in a final ATP concentration around 10
LM, a value far below the Km for ATP. The absence of increase
in ATPase activity during the first five minutes of incubation
(Fig. 2C) might be due to a delay in cell permeabilization. Using
the present procedure, Na,K-ATPase exhibited many char-
acteristics which were already described with other methods: i)
kinetic parameters for ATP were close to those previously
reported [15, 161; ii) dependence on Na and K exhibited
features similar to those reported in MDCK [13] cells and other
cell types [13, 16]; iii) ouabain induced an inhibition of ATPase
activity (Fig. 2A) [161. In our study, sensitivity of ATPase
activity to ouabain was lower than reported by Kennedy and
Lever in MDCK cells [151. This might be due to methodological
differences: the effect of ouabain on Rb uptake in the latter
study was evaluated after that cells had been preincubated with
ouabain during 20 minutes.
Na,K-ATPase is a well-known target site of the mm-
eralocorticoid hormone aldosterone. The presence of aldoste-
rone binding sites have been reported in MDCK cells [17]. We
were able to show that aldosterone stimulated, in a time- and
concentration-dependent manner, ouabain-sensitive ATPase
activity but not ouabain-insensitive ATPase activity, and that
this stimulation could be reversed by spironolactone, a compet-
itive inhibitor of aldosterone at the receptor level [181. In our
study, aldosterone was active at a concentration consistent with
the reported KD value of desoxycorticosterone binding in
MDCK cells [19]. The rapid effect of aldosterone which is
apparent after a 15 minute incubation period with the hormone,
was unexpected. In cortical collecting duct (CCD), the latent
period required for an aldosterone induced increase in Na ,K-
ATPase activity has been found extremely variable, ranging
from 24 to 72 hours in adrenal intact animals to one to three
hours in aldosterone depleted animals [20]. Recently, in adrenal
intact animals, even earlier enzyme stimulation by aldosterone
has been reported, less than 15 minutes after aldosterone
addition; however, the effect was on enzyme turnover but not
on Vmax [21]. We have no explanation yet for these discrepan-
cies, except that in the present study cells were grown in a
hormone defined media deprived of aldosterone and in the
presence of T3; the role of hormonal state of the cells prior
aldosterone application has been discussed and supported [22].
Studies are currently undertaken to further investigate this
result.
Sodium entry in MDCK cells has been shown to involve both
an amiloride-sensitive pathway and a furosemide-sensitive
Na-K cotransport [23, 24]. We therefore hypothesized that
reducing Na entry by blocking one of these two pathways
should reduce Na,K-ATPase activity. As expected, both
amiloride and furosemide induced a concentration-dependent
inhibition of ouabain-sensitive ATPase activity. The effect of
these drugs was apparent at concentrations similar to those
reported to inhibit Na influx 125, 26], which is much lower
than those reported to inhibit directly Na,K-ATPase [23, 24].
It should be pointed out that, at the time when cells were
incubated with these agents, they were intact (that is, not
permeabilized). This is further supported by the effect of
monensin and amphotericin B which reversed the effects of the
diuretic drugs. However, that monensin and amphotericin B
only partially reversed the inhibition induced by furosemide or
amiloride might have indicated that in MDCK cells, these drugs
affected the pump activity not only through decreasing Na
entry.
in conclusion, the present results show that the cytochemical
procedure is a sensitive and convenient assay which allows
determination of Na,K-ATPase activity in situ in cultured
cells, and evaluation of its modulation under various condi-
tions.
Reprint requests to Dr. Kathleen Laborde, Département de Physiol-
ogic, Faculté Necker Enfants Malades, 156 rue de Vaugirard, 75015
Paris, France.
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